Addition of the tryptophan analogues 5-methyl-tryptophan, 5-hydroxy-tryptophan, and 7-aza-tryptophan, during tryptophan starvation of a tryptophan auxotroph of Bacillus subtilis, stimulated amino acid incorporation. Two of the analogues tested, 5-methyl-tryptophan and 5-hydroxy-tryptophan, competed with each other, but their addition did not prevent tryptophan incorporation into acid-insoluble material. The incorporation of tryptophan and 5-hydroxy-tryptophan was stimulated when a mixture of phenylalanine and tyrosine was present in the medium. The two analogues 5-methyl-tryptophan and 5-hydroxy-tryptophan were recovered in protein hydrolysates of analogue-grown cultures, and there is evidence suggesting that the analogues are not chain terminators. Neither analogue prevented the polysome degradation that occurs during tryptophan starvation.
Recent studies have shown that 5-methyltryptophan (5-Mtrp) is incorporated into Escherichia coli protein after removal of tryptophan from the growth medium (4; D. H. Ezekiel and N. Carlson, Bacteriol. Proc., p. 116, 1967). Previous reports to the contrary (8, 10) were in disagreement with studies on the synthesis of polynucleotide phosphorylase (6, 12) and with the ability of the analogue to permit deoxyribonucleic acid (DNA) replication in the absence of tryptophan (5) . 5 -Mtrp is also known to simulate tryptophan as a feedback inhibitor of anthranilate synthetase both in E. coli (7) and Bacillus subtilis (3) . No data are available on the incorporation of 5-Mtrp into protein by B. subtilis. This paper presents evidence that 5-Mtrp and another tryptophan analogue, 5-hydroxy-tryptophan (5-Htrp) are incorporated into B. subtilis protein during tryptophan starvation of a tryptophan auxotroph. Data are also presented indicating that the analogues are not chain terminators and that in vivo not only tryptophan but also 5-Htrp interact with the production of phenylalanine and tyrosine.
MATERIALS AND METHODS B. subtilis strain SB 57, an arginine derivative of the indole-requiring strain 168 M, was used. B. 1 Present address: Istituto di Genetica, Universita di Pavia, 27100 Pavia, Italy. subtilis SB 57 loses its viability when incubated in the absence of tryptophan (tryptophan-less death), a phenomenon not related to cell lysis. The phenomenon of tryptophan-less death is not correlated with the data that will be presented on the utilization of 5-Mtrp and 5-Htrp because the same results were obtained when another tryptophan auxotroph that does not undergo tryptophan-less death, B. subtilis 168 M, was employed.
Media, growth, and amino acid starvation. Cells were grown in Spizizen minimal medium (11) supplemented with 50,ug of each of the required amino acids per ml, 0.5% glucose, and 10-2 M glutamic acid. Growth of B. subtilis in the presence of tryptophan analogues, extraction of protein, and basic hydrolysis. After 3 hr of tryptophan starvation of a log-phase culture, '4C-5-Htrp (0.043 ,uc/ml) or 5-Mtrp was added at a concentration of 10,ug/ml. After 10 hr of incubation at 37 C with shaking, the cells were harvested by centrifugation, washed with 0.1 M phosphate buffer, pH 7, resuspended in 0.5% of the original volume of the same buffer, and sonically treated for 30 to 40 min at 0 C in the presence of I ,ug each of deoxyribonuclease and ribonuclease per ml. After centrifugation (10 min at 5,000 rev/min), the supernatant fluid was treated with 5% (w/v) trichloroacetic acid. The acid-insoluble material was resuspended in 5% trichloroacetic acid, and heated for 30 min at 100 C. The precipitate was washed sequentially with 5% trichloroacetic acid, ethyl alcohol, and ether. After drying under vacuum, samples of this material were hydrolyzed with Ba(OH)2 according to the procedure described by Block et al. (1) .
Chromatography of protein hydrolysate. The hydrolysate from proteins prepared from cells grown in the presence of 14C-5-Htrp was fractionated by preparative thin-layer chromatography on microcrystalline cellulose tophan starvation, 2-ml samples of the cell culture were distributed in different tubes containing a mixture of '4C-amino acids and one of the analogues to be tested. The cells were incubated for the indicated time intervals.
5-Htrp, 7-Atrp, and 5-Mtrp stimulated amino acid incorporation during tryptophan starvation. The degree of stimulation could reflect the ability of the analogue to substitute for tryptophan ( to the displacement of 14C-5-Htrp from tryptophanyl-transfer ribonucleic acid (tRNA) at the time of tryptophan addition.
When competition experiments were performed, it was found that incorporation of 14C-tryptophan was not affected if a 10-fold excess of 5-Htrp or 5-Mtrp was present. On the other hand, the incorporation of '4C-5-Htrp decreased in the presence of 5-Mtrp (Fig. 4) .
The degradation of polysomes after tryptophan starvation has been described in an another paper (Barlati, manuscript in preparation). The kinetics of degradation observed under conditions of tryptophan starvation does not change when 10 ,ug of 5-Mtrp or 5-Htrp per ml is added at the time of tryptophan depletion (Fig. 5) (e.g., production of some inactive proteins). In this case, the stimulation of protein synthesis could take place in the polysome region, and this would suggest also that the analogues are not chain terminators.
To discriminate among these possibilities, the experiment reported in Fig. 6 was performed. Cells were grown in presence of 8H-uridine and, at the time of starvation, 14C-lysine was added in the presence or absence of the analogues. After 30 min of incubation at 37 C, extracts were made, and the polysome profile was examined. The results show that, although the RNA content in the polysome region was practically identical in the presence or absence of the analogues, about twice as much '4C-lysine was recovered in the polysomes when the analogues (5-Htrp or 5-Mtrp) were present (Fig. 6a, b, c) . As a control, the inhibition of incorporation of '4C-lysine in the same region of the gradient is shown when the cells were incubated in the presence of 20 Ag of chloramphenicol per ml (Fig. 6d) . At the top of each graph in Fig. 6 is also reported the ratio of RNA to protein, determined on the first 10 In the experiment in which radioactive 5-Htrp was analyzed, no radioactivity was recovered in the chromatographic area corresponding to tryptophan.
Effect of 5-Htrp on the pathway for the biosynthesis of aromatic amino acids. In the last experiment (Fig. 7) , evidence is presented indicating that 5-Htrp can interact with the pathway for the biosynthesis of phenylalanine and tyrosine probably in the same way that tryptophan does.
It was found in vivo that of all amino acids only a mixture of phenylalanine and tyrosine could stimulate the incorporation of '4C-tryptophan into proteins. These results may be compared with the data reported by Nester and Jensen (9) on the in vitro control of the aromatic acid pathway in B. subtilis. They observed crossinhibition of tryptophan on prephenate dehydratase and prephenate dehydrogenase. In addition these authors reported an in vivo inhibition of growth when high levels of tryptophan were added to the cultures. They suggested that such inhibition could be related to the time required for the cells to synthesize prephenate dehydratase and dehydrogenase in sufficient quantities to overcome tryptophan inhibition. Our data suggest that this inhibition may be overcome by adding the end products, phenylalanine and tyrosine, as would be expected if the proposed interpretation were correct. property of allowing recovery from the loss of viability induced by tryptophan starvation in certain auxotrophic strains of B. subtilis (unpublished data). Furthermore, 5-Htrp is able to affect, in a way similar to tryptophan, the synthesis of the amino acids of the aromatic pathway.
Despite all these similarities, 5-Htrp and 5-Mtrp cannot support normal growth and cannot prevent the polysome degradation brought about by tryptophan starvation. In conclusion, it seems that the analogues tested may mimic tryptophan and that they may replace the amino acid for most of the tested functions. Lower efficiency in performing these functions, such as the charging of tRNA, and possibly lower activity of the enzymes produced, could probably account for the cellular toxicity brought about by the replacement of tryptophan with its analogues.
In the experiment performed, 7-Atrp appears to act in a fashion similar to that of the two other tested analogues. This may indicate that in B. subtilis 7-Atrp has a mode of action similar to that of 5-Htrp and 5-Mtrp.
